1 Light-grown cells of Euglena gracili8 strains Z, var. bacillaris and 1224/5g contain phylloquinone, plastoquinone, a-tocopherol, a-tocopherolquinone and ubiquinone-9 (i.e. ubiquinone with 9 isoprene units/mol.). 2. The concentration (per g. dry wt.) ofplastoquinone (and chlorophyll) in light-grown cells ofstrain Z was governed by the composition of the culture medium and age of the cells. Highest yields of plastoquinone were obtained under autotrophic conditions, the concentration reaching a maximum after 6-8 days' growth. The concentrations were less in heterotrophic media. The concentration of ubiquinone was relatively unaffected by the age of the cells or composition of the medium. 3. In light-grown cells of strain Z plastoquinone, a-tocopherolquinone and a-tocopherol were mainly localized in the chloroplast; ubiquinone was found to be in the mitochondria. 4. Etiolated (dark-grown) cells of strain Z contained no phylloquinone, plastoquinone or oc-tocopherolquinone; a-tocopherol was present in lower concentrations compared with light-grown cells; ubiquinone concentrations were similar to those for light-grown cells. The presence of a-tocopherol in etiolated cells suggested that this chromanol was not entirely confined to the chloroplast. 5. On illumination of etiolated cells of strain Z the chloroplastidic components plastoquinone, a-tocopherolquinone and a-tocopherol were synthesized in step with chloroplast formation. Ubiquinone concentrations, as expected, were unaffected. 6. [2-14C]Mevalonic acid, the specific distal terpenoid precursor, was not incorporated into any of the terpenoid components examined. This was attributed to the impermeability of the cell wall to this compound, rather than to a novel pathway ofterpenoid biosynthesis.
tion. Ubiquinone concentrations, as expected, were unaffected. 6. [2-14C]Mevalonic acid, the specific distal terpenoid precursor, was not incorporated into any of the terpenoid components examined. This was attributed to the impermeability of the cell wall to this compound, rather than to a novel pathway ofterpenoid biosynthesis.
It is now generally appreciated that one or more quinones possessing terpenoid side chains are present in any of the structures within the cell carrying out electron-transport reactions, e.g. mitochondria, chloroplasts and chromatophores. Indeed, an impressive body of evidence has accumulated that implicates these compounds in the electron-transport and phosphorylation reactions associated with such particles (see, e.g., Brodie, 1965; Green & Brierley, 1965; Arnon & Crane, 1965) .
The present series of investigations were undertaken with the aim of studying the synthesis in photosynthetic plant tissues of the terpenoid quinones, ubiquinone, plastoquinone and phylloquinone (vitamin K1). We were concerned, first, with the formation of these compounds in terms of chloroplast development, and, secondly, with the biosynthesis of the prenyl portions of the quinone molecules, both in relationship to each other and to the other isoprenoid compounds, in particular ,-carotene and the phytosterols, occurring in such tissues. However, during these studies the isolation of further quinones from plant tissues, more particularly the chloroplast, led to the scope of the investigations being widened to include these new compounds, and in some cases related non-quinonoid compounds, such as tocopherols.
At the inception of these studies the terpenoid quinones recognized as occurring in green plant tissues were ubiquinone, plastoquinone and phylloquinone. It had been shown that most phyla of the green plant kingdom contain either ubiquinone-10, ubiquinone-9 or ubiquinone-8 (the numerals refer to the numbers of isoprene units/mol.), the higher homologues being found in higher plants (Lester & Crane, 1959; Page, Gale, Koniuszy & Folkers, 1959) . Intracellular-distribution studies confirmed that in plant tissues, as in animal tissues (Hemming, Pennock & Morton, 1958) , ubiquinone was associated with the mitochondria (Crane, 1959a;  573 see also Crane, 1965) . Plastoquinone has been isolated from all green oxygen-producing photosynthetic tissues examined, where it is mainly if not entirely confined to the chloroplast (see Redfearn, 1965) . Although phylloquinone had received considerable attention there was some doubt, owing mainly to the difficulty attached to its isolation and subsequent estimation, about its occurrence in all photosynthetic plant tissues. It now appears that it occurs in the photosynthetic tissues of all higher plants, and that it is located mainly in the chloroplast (Lester & Crane, 1959; Kegel & Crane, 1962; Lichtenthaler & Calvin, 1964) . Plastoquinone and phylloquinone are not wholly confined to photosynthetic tissues. Thus plastoquinone occurs, at concentrations much below those found in photosynthetic tissues, in maize roots (Lester & Crane, 1959) , cauliflower buds (Lester & Crane, 1959) , etiolated maize and barley shoots (Griffiths, Threlfall & Goodwin, 1967) and cambial-tissue cultures ofPaul's Scarlet Rose (Threlfall & Goodwin, 1963) . Similarly, phylloquinone is present in darkgrown seedlings of Picea canadensi8 (Dam & Glavind, 1938;  Dam, Glavind & Nielson, 1940) . Crane (1961) suggested that the occurrence of plastoquinone in non-photosynthetic tissues may be indicative of the potential for chloroplast development in such tissues. This suggestion has been amplified by Threlfall & Griffiths (1966) .
In addition to phylloquinone and plastoquinone no fewer than nine quinones have now been isolated from chloroplasts (mainly spinach chloroplasts). These are demethyl-vitamin K1 (McKenna, Henninger & Crane, 1964) , the plastoquinone homologues plastoquinone-4 isolated from horsechestnut leaves (Eck & Trebst, 1963) and plastoquinone-3 isolated from spinach chloroplasts (Misiti, Moore & Folkers, 1965) , the plastoquinone analogues plastoquinone B (Kegel, Henninger & Crane, 1962) , plastoquinone C and plastoquinone D , and oe-tocopherolquinone, ,B-tocopherolquinone and y-tocopherolquinone (Henninger, Dilley & Crane, 1963) . Demethyl-vitamin K1, ,B-tocopherolquinone and y-tocopherolquinone occur in extremely small amounts. The structures of these compounds, with the exception of plastoquinone B, plastoquinone C and plastoquinone D, are well established. Characterization studies suggest that plastoquinone C and plastoquinone D are monohydroxy derivatives of plastoquinone, the hydroxyl group being located in the second isoprene unit from the quinone ring (Threlfall, Griffiths & Goodwin, 1965; Das, Lounasmaa, Tendile & Lederer, 1965; Threlfall & Griffiths, 1966) . Plastoquinone B appears to be a more unsaturated form of plastoquinone, the unsaturation occurring in the second isoprene unit from the ring (Das et al. 1965 ).
The isolation of ox-tocopherolquinone from the chloroplast necessarily meant that any study of this compound should include the chromanol ac-tocopherol (and related compounds), from which atocopherolquinone can be formed by a suitable oxidation step. In plant tissues all members of the tocopherol and tocotrienol series have been found (see Whittle, Dunphy & Pennock, 1966) ; although tocopherols other than a-tocopherol are generally absent from photosynthetic tissues, they frequently occur in seeds and fruits (Green, 1963) . In some higher plants y-tocopherol [maize (Green, 1958) , Taxu8 baccata and Hedera helix (Booth, 1963) ] and 8-tocopherol (T. baccata and H. helix; Booth, 1963) may be present, in addition to ax-tocopherol. Intracellular-distribution studies have shown that in these tissues cc-tocopherol is present in the chloroplast, whereas y-tocopherol and 8-tocopherol are found outside the chloroplast (Booth, 1963) .
Studies by Griffiths (1965) and Bucke, Leech, Hallaway & Morton (1966) have shown that the photosynthetic apparatus of oxygen-producing organisms invariably contains phylloquinone, plastoquinone, oc-tocopherolquinone and xc-tocopherol, plastoquinone B, plastoquinone C and plastoquinone D being absent from many tissues. This prompted Threlfall et al. (1965) Green, Price & Gare (1959) had also shown that autotrophic cultures of E. gracili contained c-tocopherol (155,ug./g. fresh wt.) , no other forms being detected.
We now report on the nature, intracellular distribution and formation of the terpenoid quinones and related compounds by E. graclwi strain Z. The results of these investigations have been communicated briefly (Threlfall & Goodwin, 1964 Experimental conditions are given in the text. The compounds listed are not always spectroscopically detectable in the crude fractions. This is always the case with phylloquinone and usually the case with ac-tocopherol.
Eluent 0% E/P 1% E/P 3% E/P 5% E/P 8% E/P 12% E/P 20% E/P Compounds eluted ,B-Carotene, phylloquinone* Plastoquinone, A5'7-sterol ester a-Tocopherol Ubiquinone, trace of oc-tocopherol A5.7-Sterol oc-Tocopherolquinone, A5,7-sterol * Phylloquinone is not always eluted entirely in this fraction; however, Griffiths (1965) has shown that the addition of0-25% ether results in the elution ofall this compound in the first fraction.
column is kept between 1:5 and 1:8. The alumina is weighed, covered with light petroleum (b.p. 40 60°) and the requisite amount of water added for deactivation; after dispersion of the water globules by gentle agitation, the adsorbent is washed with light petroleum into a suitable column plugged with non-absorbent cotton wool.
The lipid is taken up in the minimum volume of light petroleum (b.p. 40-60'), with slight warming if necessary, and applied carefully to the column. The column is then developed by stepwise elution with 0%, 1%, 3%, 5%, 8%, 12% and 20% E/P,* lOml. of each fraction being run/g. of adsorbent.
The fractions from the column are evaporated to dryness (under N2) in tared vessels, desiccated to remove the last traces of solvent, weighed and the spectra determined in a suitable solvent. Table 1 lists the elution pattern of some u.v.-and visible-light-absorbing lipids found in E. gracilis. In balance experiments the amounts of fl-carotene, plastoquinone, ubiquinone, a-tocopherolquinone and oc-tocopherol were estimated at this stage (see below). Phylloquinone requires further purification before it can be assayed. Some of the fractions eluted from the preliminary alumina column were purified further by rechromatography on the same sized columns of Brockmann grade II acidwashed alumina as originally used.
(b) Thin-layer chromatography. The quinones and chromanols were identified and in some cases resolved and purified by thin-layer chromatography. The adsorbent used throughout was Kieselgel G (according to Stahl) for thin-layer chromatography obtained from E. Merck A.-G., Darmstadt, Germany. The plates used were 250,u thick and after preparation were stored in vacuo.
* Abbreviation: E/P, solution of diethyl ether in light petroleum (b.p. 40-60°).
Althoughthe quinones can be resolved into their respective classes by adsorptive thin-layer chromatography, the various homologues cannot be separated from each other, e.g. ubiquinone-10, ubiquinone-9 and ubiquinone-8 all run with the same RF. To identify the homologue it is necessary to subject the sample to reversed-phase partition chromatography.
Reversed-phase partition chromatography on thin layers was carried out on plates impregnated with a 5% (v/v) solution of medicinal paraffin in light petroleum (b.p. 60-80°) (Threlfall & Goodwin, 1963; Goodwin, 1964) . The solvent system is given in Table 2 . The samples along with standards were applied as discrete spots from capillary tubes. The plates were then developed in a saturation chamber (Davies, 1963) . In the early part of the work the compounds were detected by spraying with suitable reagents. Quinones were located with leucomethylene blue (Linn et al. 1959) or phosphomolybdic acid (Bolliger, 1962) ; chromanols and quinols were revealed with the Emmerie-Engel reagent (Pennock, Neiss & Mahler, 1962) . Later, Rhodamine 6G-impregnated plates were used. This allowed the detection of the quinone and chromanol spots under u.v. light (Threlfall et al. 1965 ). Identification was not based on RF values, but rather by chromatography both with and against authentic samples. Table 2 lists some typical RF values obtained for the various systems used.
For preparative work the sample was dissolved in a minimum volume of cyclohexane (10-20tzl. or 0-1-0-2ml.) in a combustion tube and applied as a 5-15cm. strip from a 10,ul. or 0-ml. pipette; markers were then spotted at each end of the band. After development of the plate the spots were located and quickly scraped off into ether; the supernatant and washings were combined and separated from the adsorbent with a Pregl filter stick.
(c) Paper chromatography. Reversed-phase paper chromatography was used as an additional aid for identifying the quinones. The method employed was that described by Lawson, Threlfall, Glover & Morton (1961) with the substitution of medicinal paraffin for petroleum jelly. This shortens the running time from 12hr. to 3hr. The quinones were located with a Hanovia Chromatolite lamp; plastoquinone, ubiquinone and oc-tocopherolquinone appear as dark-blue spots and vitamin K1 as a strongly fluorescing green zone. The quinones were also located by spraying with leucomethylene blue (see above).
Quantitative estimation of component8. (a) Chlorophyll.
Chlorophyll was determined as chlorophyll (a+ b) by the method of Arnon (1949) .
(b) fl-Carotene. This pigment was eluted in the lightpetroleum fraction on column chromatography of the lipid extract (Table 1) . It was estimated spectroscopically by using El% 2500 at A 451mit (in light petroleum) (Goodwin, 1955) .
(c) Plastoquinone, ubiquinone and a-tocopherolquinone. The quantitative estimations of plastoquinone, ubiquinone and a-tocopherolquinone were carried out directly on the appropriate fractions obtained from chromatography of the lipid extract (Table 1) .
The fraction was dissolved in ethanol and the u.v. spectrum determined. The quinone was then converted into the quinol by the addition ofa small crystal of NaBH4 to the spectrophotometer cell, and after waiting 30 sec. the reduced spectrum was determined. The amount of quinone 576 1967 TERPENOID QUINONES IN EUGLENA GRACILIS Table 2 . Chromatographic 8ystem8 u8ed for the final purfication and identification of terpenoid quinone8 and related compound8 Thin-layer chromatograms were developed in a saturation chamber (Davies, 1963) Equivalent samples were taken from the 3%-and 5%-E/P fractions from the preliminary chromatography and the amount of tocopherol (as oc-tocopherol) was estimated by using the modified Emmerie-Engel reaction described by Pennocket ad. (1962) .
The possibility oferroneously high readings caused by the presence of interfering compounds in the fractions was checked by : (i) quantitative thin-layer chromatography ofa sample followed by spectroscopic assay of the recovered chromatol (Pennock et al. 1962 ); (ii) oxidation of a further sample to convert any oc-tocopherol into ac-tocopherolquinone Ethanol and cyclohexane were of spectroscopic grade. Bioch. 1967, 103 Vol. 103 5i77 D. R. THRELFALL AND T. W. GOODWIN Table 4 . Efficiency of variows nethode of lipid extraction for the i8olation of plastoquinone and ubiquiinone A sample (30g. wet wt., 7*2g. dry wt.) of 6-day-old heterotrophic light-grown cells was divided into four equal portions and extracted by the procedures listed below. The extracts were then examined for plastoquinone and ubiquinone by our routine procedures. Wet cells were ground with sand under acetone, and the extracts obtained were treated as for 'total lipid'. § After Hemming, Morton & Pennock (1963) ; the method involves the use of pyrogallol.
RESULTS AND DISCUSSION I8olation of quinones (platoquinone and ubiquinone) from E. gracilis. A number of different methods of extracting the cells for quinones were examined. E. gracili8 strain Z was grown in the light on a medium rich in glucose and organic acids (Wolken, 1961 ) for 6 days, by which time appreciable growth had taken place; the cells were then harvested, split into four equal portions and extracted by a variety of methods (Table 4) . The lipid extracts were chromatographed on Brockmann grade III alumina columns; O 0-, 1%-, 3 % -and 5%-E/P fractions were collected and the 1%-and 5%-E/P fractions examined spectroscopically for the presence of plastoquinone and ubiquinone respectively. The 1 %-E/P fraction from the lipid extract exhibited absorption bands at A,,. 262, 282 and 295m,u and a shoulder at 255m,u (Fig. 1) , whereas that from the saponified extract had a spectrum identical with that of plastoquinone (Ama. 255mu).
Rechromatography of the 1 %-E/P lipid fraction on a Brockmann grade II column separated plastoquinone (2% E/P) from the second component (4% E/P; A.. 272, 282 and 294mu) . This was shown to be a A5.7-sterol ester. The presence of plastoquinone was further established by plotting the difference spectrum after reduction with sodium borohydride; it was identical with that of authentic plastoquinone.
The sodium borohydride method for quantitative determination of plastoquinone could be carried out on fractions that also contained the A5,7-sterol because the reagent had no effect on the spectrum of the sterol, and in trial experiments known mixtures of plastoquinone and the sterol were accurately assayed for plastoquinone. ,1%-E/P fraction; R, after treatment with NaBH4. sodium borohydride and plots of the difference spectra gave curves similar to authentic ubiquinone difference spectra.
On reversed-phase paper chromatography the plastoquinone-containing fractions all ran as authentic plastoquinone-9, in agreement with the observations of Fuller et al. (1961) 
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The quantitative results for the experiments (Table 4) showed that the highest recovery of quinones was obtained by using the 'ethanol-ether' procedure, i.e. the routine method; extraction of freeze-dried cells and the saponification procedures both gave reasonable recoveries; grinding with sand under acetone gave a very poor yield. It was later demonstrated that, although the recoveries of plastoquinone from heterotrophic cells after saponification were quite good, saponification of autotrophic cells (which were used for most of the experimental work) resulted in a drastic loss of plastoquinone. The technique adopted for all this work was the 'ethanol-ether' procedure, since the extraction was rapid and complete.
Effect8 of media and time on the pla8toquinone and ubiquinone concentration8 of E. gracilis. The most striking results of the experiment just described are that the plastoquinone concentrations (Table 4) were some sevenfold lower than the value ,umoles/g. dry wt.) quoted by Fuller et al. (1961) .
Ubiquinone values, on the other hand, were in better agreement. It was considered that the low plastoquinone concentrations may have been due to the fact that Fuller et al. (1961) had used autotrophically grown cells. To explore this possibility the organisms were cultured on a variety of media under identical conditions of light and temperature, and the dry weight, chlorophyll, plastoquinone and ubiquinone were determined. The effect of time on these factors was also studied (Table 5 and Fig. 2) .
In heterotrophic light-grown cells of strain Z it was found that, although growth was considerably better, the concentrations of plastoquinone and chlorophyll were significantly lower than the corresponding concentrations in autotrophically grown cells of a similar age. The fall in concentration increased with increasing complexity of medium. Also, until the cells were 6 days old the concentrations of chlorophyll and plastoquinone per unit volume of medium were significantly lower. After 6 days the concentrations of chlorophyll and plastoquinone per unit volume and per g. dry wt. in heterotrophic cultures showed an increase until at 12 days old the concentration of chlorophyll and plastoquinone per unit volume for both heterotrophic media and the concentration per g. dry wt. for the weakly heterotrophic medium (0-1% sodium acetate) were similar to the values recorded for 6-and 12-day-old autotrophic cultures. The concentrations of chlorophyll and plastoquinone in the cells from the richly heterotrophic cultures never reached the concentrations found in autotrophically grown cells. In all cultures ubiquinone values showed little variation. Smillie (1963) has shown that growing Euglena cells in heterotrophic media suppresses the development of chloroplasts and this leads us to suggest that the lower concentrations of chlorophyll and plastoquinone observed in heterotrophic cultures are a reflexion of this suppression. However, in accepting this, consideration must be given to the fact that our method of expression of results (per g. dry wt.) makes no allowance for differences in cell size or mass. Thus, although the trends are undoubtedly correct, the actual differences may be exaggerated.
The kinetic study of the synthesis of chlorophyll, plastoquinone and ubiquinone by autotrophic cultures showed that ubiquinone concentrations were relatively unaffected but that chlorophyll and plastoquinone concentrations increased with age until active growth ceased (Table 5 and Fig. 2 ). This increase in quinone concentration with age has been noted for higher plants, e.g. oak leaves (Hindberg & Dam, 1965 One noteworthy observation arising out of the study was the concentration of the A5.7-sterol ester with respect to plastoquinone. In young autotrophic cultures the plastoquinone-containing fraction had a u.v. spectrum almost identical with that of authentic plastoquinone (Fig. 3) , but in old cultures (8-9 days) the spectrum resembled the one shown in Fig. 1 , suggesting that old cultures are accumulating the A5.7-sterol ester. In heterotrophic cultures plastoquinone was always accompanied by the A5,7-sterol ester irrespective of the age of the culture.
Identijication of the quinones occurring in E. gracilis. During the above studies it had become apparent that E. gracili strain Z, in addition to containing plastoquinone, ubiquinone and possibly phylloquinone, also contained a further quinone that was eluted with the unesterified A5.7-sterol (20% E/P) and that, from its difference spectrum, appeared to be a-tocopherolquinone. To characterize this and other quinones more fully, and also to check for the possible occurrence of plastoquinone B, plastoquinone C and plastoquinone D, a large culture of the organism was examined. At the same time etiolated cultures were examined for the presence of these quinones.
(a) Autotrophic cultures. A 71. volume of autotrophically grown E. gracilis strain Z was harvested after 7 days' growth; at this stage the A5,7-sterol (free and esterified) does not interfere seriously with Wavelength (mu) Fig. 3 . Ultraviolet spectra of compounds purified by thinlayer chromatography. -, Plastoquinone (in ethanol); R , after treatment with NaBH4; ----,phylloquinone (in cyclohexane); ---, a-tocopherol (in cyclohexane).
the isolation of the quinones, and the total lipid was extracted by normal procedures. Table 6 summarizes details of the initial chromatography. Fraction 1 was rechromatographed on Brockmann grade II alumina and separated into two components: ,-carotene (1% E/P) and a compound (2% E/P) (108 pg.) with a u.v. spectrum (Fig. 3 ) identical with that of phylloquinone (A.= 243, 248, 260-5 and 270m, in cyclohexane). It behaved as phylloquinone on all reversed-phase paper-and thin-layerchromatographic systems examined. Fraction 2 contained plastoquinone, sterol esters and traces of carotenoids. The plastoquinone (6mg.) was purified as described above (Fig. 3 ) and recrystallized twice from 1 ml. of hot ethanol at room temperature overnight; it had m.p. 470 (uncorr.) and E1B' 240 at 254m,u; authentic plastoquinone-9 had m.p. 470 and E1". 253 at 254m,u. The i.r. spectra (potassium bromide disk) of both specimens were identical.
Fraction 3 appeared to contain a-tocopherol (3-15mg. by the modified Emmerie-Engel estimation). Thin-layer chromatography on Kieselgel G with benzene-chloroform (1:1, v/v) as developer yielded an Emmerie-Engel-staining spot with absorption bands at 292 and 297mu in cyclohexane (Fig. 3) identical with those of authentic ac-tocopherol (Pennock et al. 1962 ). On thin-layerchromatographic systems that will separate a-, ,-, y-and 8-tocopherol, only one spot, corresponding to a-tocopherol was observed.
Fraction 4 contained both o-tocopherol (210kzg. by Emmerie-Engel estimation) and ubiquinone (909jug. estimated as ubiquinone-9). They were separated by thin-layer chromatography on Kieselgel G with benzene as solvent. Again only o-tocopherol was detected. The recovered ubiquinone (for u.v. sprectum see Fig. 4 ) was run on reversedphase systems known to separate the ubiquinone isoprenologues; it ran with authentic ubiquinone-9. Further, the perhydro derivative, prepared by micro-dehydrogenation with Adams catalyst, cochromatographed in these systems with authentic perhydroubiquinone-9. No (Fig. 4) identical with that of authentic ac-tocopherolquinone prepared by gold chloride oxidation of xc-tocopherol , and behaved in the same way as ac-tocopherolquinone on all chromatographic systems examined. Control experiments showed that it was not an E Wavelength (m,u) Fig. 4 . Ultraviolet spectra of compounds purified by thinlayer chromatography.
, Ubiquinone (in ethanol); R, after treatment with NaBH4; ---, a-tocopherol-R quinone (in ethanol); -, after treatment with NaBH4.
artifact. The second spot (constituting about 5 % of the reducible components in the original fraction was probably plastoquinone C or, less likely, plastoquinone D (Threlfall et al. 1965 ). It was not examined further. Plastoquinone B and plastoquinone D, which can be obtained from green leaves by the same procedures (Griffiths, 1965) , were never detected. A similar examination of other strains of E. gracil8 yielded identical results, but quantitative differences (Table 7) were observed. This is particularly marked with plastoquinone, oc-tocopherol and a-tocopherolquinone. Values for chlorophyll and ,-carotene are also included in Table 7 for comparative purposes. Threlfall et al. (1965) on the basis of limited distribution studies have proposed three types of quinone pattem in the chloroplast. The first and simplest, to which Euglena belongs, is characterized by the occurrence of phylloquinone, plastoquinone, ac-tocopherolquinone (and a-tocopherol). The other two consist of these quinones plus either plastoquinone C and plastoquinone D, or plastoquinone B, plastoquinone C and plastoquinone D. Powls & Hemming (1966a,b) reported that E. gracili8 var. bacillari8 contains the aminoquinone rhodoquinone. This quinone possesses a nonaprenyl side chain and is apparently a metabolite of ubiquinone-9. Our investigations failed to show the presence of this compound. The probable explanation for our failure to observe this quinone, which on preliminary chromatography on alumina would be eluted by 12% E/P (Whistance, Threlfall & Goodwin, 1966) , is due to the fact that, on treatment ofthe appropriate fractionwith sodium borohydride, our standard method at this time for the detection Values for the E. gracili8 strains are calculated from the mean of the values given in Table 7 . Values for spinach chloroplasts, broad-bean chloroplasts and tobacco leaves are taken from Threlfall & Griffiths (1966) . Values for maize shoots and barley shoots are taken from Griffiths et al. (1967 Table 7 used in calculating this value. t Lower than expected.
of quinones, rhodoquinone is rapidly reoxidized after reduction (Threlfall, 1962) and we would fail to detect any spectroscopic changes indicative of the presence of a quinonoid compound. The concentrations ofthe chloroplastidic quinones (phylloquinone, plastoquinone and oc-tocopherolquinone) relative to each other are similar to those found in other plant tissues (Table 8) .
(b) Etiolated cultures. Fuller et al. (1961) were unable to detect any plastoquinone in dark-grown Euglena cells; ubiquinone, on the other hand, was present in significantly higher amounts than in the corresponding autotrophic cultures. Since the former observation obviously had a bearing on chloroplast development and formation, cultures of etiolated E. gracili8 strain Z were grown on the heterotrophic medium (Wolken, 1961) in the dark and transferred three times before analysis. The only compounds detected were ubiquinone-9 and a-tocopherol; ubiquinone was present at concentrations similar to those in light-grown cultures (see above); however, a-tocopherol was present at only one-sixth the concentration found in green cultures. Table 9 records the results of a series of typical experiments. Analysis of the cultures was difficult, owing to the presence of large amounts of a wax that ran in the early fractions eluted off the column. On the basis of i.r. studies and chromatographic behaviour this material corresponds to the myristyl myristate-containing fraction described by Rosenberg (1963) , which can contribute up to 50% of the weight of lipid in etiolated cultures.
Etiolated tissues of normally photosynthetic regions of plants usually contain recognizable structures (proplastids) that on illumination will give rise to chloroplasts; in addition, it is possible to detect some of the terpenoid quinones associated (Wolken & Palade, 1953) , no evidence could be found for the occurrence of phylloquinone, plastoquinone or oc-tocopherolquinone. Even so, ae-tocopherol, which from sedimentation-distribution studies on green cells appears to be mainly localized in the chloroplast (Table 10 and Fig. 5 ), was detected in etiolated cultures (Table 9 ). This suggests that in etiolated and autotrophic cells some a-tocopherol can be associated with structures other than the chloroplast. Intracellular distribution of pla8toquinone, ubiquinone, a-tocopherolquinone and at-tocopherol.
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Studies on leaf tissues have shown that phylloquinone, plastoquinone, oc-tocopherolquinone and oc-tocopherol are localized wholly within the chloroplast, whereas ubiquinone is found elsewhere in the plant cell, i.e. the mitochondria. It was obviously desirable to test whether a similar situation held true for E. gractli8. A number of fractionations were carried out, of which we report two here, with 5j-and 8-day-old autotrophically grown cultures. Since the main intention of the experiments was to show the intra-or extrachloroplastidic localization of the various compounds under investigation a rigorous purification procedure was not considered necessary. It appeared that the best approach was to carry out a sedimentation-distribution study and then to extrapolate the components under investigation with compounds (e.g. chlorophyll) known to occur only in the chloroplast. The results obtained are given in Table 10 and Fig. 5 .
The values show that the preparations obtained by ultrasonic treatment of the Euglena cells reflect the situation in whole cells. Further, the total recoveries of all components from the various fractions are in good experimental agreement with the amounts present in the original preparations. By taking chlorophyll as a measure of the chloroplasts or chloroplast fragments occurring in any one fraction it is clear (Table 10 and Fig. 5 ) that for the particulate fractions plastoquinone, ax-tocopherolquinone and oc-tocopherol concentrations parallel chlorophyll distribution. Ubiquinone, as expected, showed a distribution pattern consistent with its localization in the mitochondria. Two points that require further comment are, first, the presence in the supernatant of plastoquinone and a-tocopherol in the 5j-day-old cells, and of plastoquinone and a-tocopherolquinone in the 8-day-old cells, without the concomitant occurrence of chlorophyll. Two explanations have been offered for this phenomenon: Threlfall & Goodwin (1964) suggested that the presence of these compounds in the supernatant may be due to the liberation of osmiophilic globules (Bailey & Whyborn, 1963) containing plastoquinone, oc-tocopherolquinone and oc-tocopherol from the chloroplast during the ultrasonic treat- (Brawerman & Chargaff, 1959) .
Heterotrophic cultures [medium of Pringsheim & Pringsheim (1952) + 0-3% sodium acetate] (4 x 750 ml.) were inoculated from an 8-day-old etiolated culture that had been obtained by two transfers of autotrophically grown cells through a rich heterotrophic medium (Wolken, 1961) were resuspended in the medium (8 x lOOml.) of Brawerman & Chargaff (1959) (glucose was omitted), which does not support cell division, and exposed to white light. Samples (100ml.) were then taken for chlorophyll, plastoquinone, ubiquinone, a-tocopherolquinone and a-tocopherol determinations at appropriate time-intervals. Fig. 6 records the result for the whole experiment.
Conen./g. dry wt. The formation of the chloroplastidic components in these experiments followed closely the morphological changes observed by Wolken & Palade (1953) for this system. These workers found no evidence for chloroplast structures in dark-grown Euglena; however, after 4hr. of illumination elongated bodies with the characteristic lamination of chloroplasts were just discernible, and after 72hr. of illumination structures showing the form and organization found in green cells were present.
Incorporation of [2-14C]mevalonic acid into E. gracilis. It had been intended to use Euglena to study the biosynthesis of the prenyl portions of terpenoid quinones by this organism. Steele & Gurin (1960) 
